This paper considers the social practices of 3D printing by comparing consumer perspectives and practices with legal scholarship on intellectual property regimes. The paper draws on data gained through a mixed-methods approach involving participant observation, focus groups, and social network analysis of 3D printing file-sharing practices. It finds that while consumers display a level of naivety about their 3D printing rights and responsibilities as individuals, they possess a latent understanding about broader digital economies that guide their practices. We suggest that the social practices associated with 3D printing function through communication networks to decentralise manufacture and reconfigure legal capacities for regulation. The paper concludes by introducing nascent paths forward for policy frames across industry, government and consumer concern to address the opportunities and challenges of 3D printing's evolving interface with society.
Introduction
3D printing has existed for a number of decades as specialist and experimental projects in manufacturing research. Originally designed as a rapid prototyping technology, it has come to develop other unique qualities that make it relevant outside of a manufacturing environment. The technology is scalable, distributed, and innovative, and many models easily connect to networked computer services to access printable files. These attributes mean that educational institutions and everyday citizens are finding it possible -if still somewhat difficult -to own and operate 3D printers in domestic or educational settings. A wealth of corporate and user-generated online and offline resources that individuals consult to operate their printers means that 3D printing is emerging as a broad set of social practices that build on the technologies of additive manufacturing. Examples include various types of tinkering, small business, personal craft, DIY, and hobbyist activities.
These 3D printing cultures are enabled by extensive online sharing of files and information that situate consumer knowledge about 3D printing in the context of the current online discourses involved in the evolutions of rights, responsibilities, and regulations. In other words, the fact that these technologies are able to produce and distribute designs around the world means that 3D printing technologies are implicated in the complexities of global intellectual property regimes (IPR), and, importantly, many end users only seem to be marginally aware of what impact the relevant laws, treaties, and policies might have. This, understandably, opens the space for both naïve breaches of intellectual property law; but also there is the possibility of a chilling effect in users who are wary of engaging with 3D printing due to a perception of potential legal issues.
printing becoming "available", reflecting economies of pre-production including rapid prototyping of one-off models as well as functional analysis and testing (Kellock 1989 , Pham and Gault 1998 , Wood 1990 ).
The second phase of "utility" decentralised manufacture from in-house pre-production to production houses that shifted supply chain logics and provided new utility for industry (Birtchnell, Böhme, & Gorkin, 2016; Krogmann, 2012) . This phase also included material and process advances that enabled additively manufactured objects to withstand stress and strain or be designed with unique geometries or aesthetics that added value for products where customisation and complex geometries trumped economies of scale (Bak 2003; Hopkinson, Hague, and Dickens 2006) . Examples of the decentralised production include aerospace and military applications that reduce weight through 3D printed designed parts and customised medical fittings, such as hearing aids.
Figure 1: Social phases of 3D printing, coloured borders denote organisations
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The third phase we identify is still emerging but already speaks to a wider "practicality" of 3D printing practices. It is defined through a more fully distributed network of 3D printers that rely on aspects of peer-production. This phase specifically addresses independent users coming together outside of the industry to share, learn and act upon 3D printing. Industry consultants Wohlers and Associates, for example, suggest that while 86% of 3D printing revenues came from industrial applications, 92% of the printers sold were for consumer purposes (2015) . This shift to consumer adoption shows how the uses of 3D printing are distributing beyond industrial use cases and capitalist economies. Moilanen and Vadén (2013) (Luckman, 2015) . Schrock (2014) Specifically, much of the digital maker economy relates to and in many aspects relies upon what Benkler (2002; 2006) describes as commons-based peer-production. This involves the re-use of others' contributions with minimal restrictions on that use. From the perspective of a commons-based sharing economy and culture, IPR raise the cost of interaction or restrict re-using information, while also limiting the creative uses of the technology, and consequentially decreasing innovation in the field. Benkler's work draws from observation of open source software communities and a context of ubiquitous low-cost processing, storage, and networked connectivity that connects individuals to create and exchange information and culture in patterns of sharing and reciprocity (Benkler 2006:463) . 3D printing as a distributed social practice also relies on low barriers to networked connectivity and exchange for both design and cultural content. Thus one of the policy challenges of 3D printing is how to facilitate education, innovation, and governance systems that make use of the large-scale, widely distributed creativity in online settings within incumbent IPRs that apply the logic of (product) scarcity instead of (information) abundance. How innovation and governance concerns are perceived by everyday 'consumers' interested in 3D printing is where this article now shifts.
intermediary, the Thingiverse website. The full methodological outline of our project has been detailed previously.
Our focus group participants were recruited from clusters of city libraries and businesses with 3D printing facilities, services, or classes in Melbourne, Australia. The cohort of participants was stratified according to self-reported 3D printing experience to ensure some level of homogeneity within each group. Focus groups allowed us to consider how normative beliefs of 3D printing as a social practice are communally produced (Smithson, 2000) . Our limited sample does not represent the Australian public at large, but the knowledge gained is indicative of demographically diverse consumers that wish to embark on 3D printing use.
The web-scrape and SNA enabled us to determine empirical patterns and cultural trends via hundreds of thousands of objects that people have uploaded to print. Through Python scripts run on the Australian National eResearch Collaboration Tools and Resources (NeCTAR) cloud servers, we obtained individualised metadata from all publicly accessible items (355,867) on the Thingiverse website. We then were able to employ descriptive statistical and social network analyses on the scraped dataset to obtain insights from real-world data about what users are actually printing and how they're managing the visibility and dissemination of their work (for detail on these methods see Author(s)). We leveraged the user created 'tags' associated with objects to discern meaning and relations in ways that allowed us to map the relevance of certain tags to others and aggregate themes and their links in different types of 3D printing practice. This method allowed insight to a number of limited categories of use that were not apparent during our qualitative phase and allowed novel, data-based perspectives on the use of 3D printing independent but complementary to other research approaches. By addressing socially-sorted data related to 3D printing, we were able to develop an understanding of different types of practice, and different categories of interest for users of 3D printing, which are indicative of likely uses in the future for Australian 3D printer users.
Consumer Perspectives & Realities of 3D Printing Practices
regarding their own rights and responsibilities for managing the sharing and printing of designs while possessing scepticism about protections to be found online. These themes are summarised below through elements that emerged most strongly and consistently across research sites and methods, and then by situating these insights in relation to practices of tagging files on the Thingiverse repository.
Decentralised Control
The data suggesting an inbuilt lack of centralised accountability for the rights and responsibilities that came with 3D printing presented a classic "wicked problem" (Rittel & Webber, 1973) 
Sharing 3D designs
The qualitative data suggested an apparent naivety from those learning about 3D printing regarding their rights and responsibilities for managing the sharing and printing of designs.
That being said there was wide consensus with regard to the normative and practical imperative to share designs with both friends and strangers across our respondents.
However, the ethic of sharing designs was tempered by a caveat that as the complexity of designs increased, so too should intellectual property protections on them. Interestingly, the way that users approached specific IPR rules tended to be contradictory. Users largely believed that the value of 3D-printable objects came through the ability for people to collectively share designs, modify these designs, then re-share them to the community. Yet this was paralleled with a fatalist assumption that once something is put online, fully controlling its distribution is impossible, and that this was undesirable. Thus users both saw immense collective value in the networks and services that distributed printable content for negligible cost, but at the same time were highly reluctant to commit to sharing materials into this domain.
A second set of observations came through discussion on safety and liability. All focus groups and most interviewees tended to come to a consensus around users bearing the brunt of safety risks for sharing designs outside of market mechanisms. This was seen to be the case in almost every instance that research participants were questioned on, whether as a pessimistic expectation that 'big business always wins in court' or a 'responsibilisation'
approach that end users need to take account of their own safety in these situations. The common metaphor used by participants to explain their thinking was to compare safety and liability to concerns for 3D printing to the responsible use of other power tools in DIY settings, such as bandsaws or drills. Experts commented that outside consumer protection regimes, which usually require business transactions to come into effect, negligence law
Tagging 3D files
Our SNA map of tags gave visual insight to how the relationship between different types of 3D printing practice clump together by identifying related themes through recording incidents of tags being used alongside other tags to label 3Dprinter files. This allows us to infer aggregate practices different to what individual users shared in interviews or focus groups. For instance, we detected a particularly wide array of braille-tagged objects that were not visible through other research methods. To show the largest trends and explicate what certain 'clumps' of tags signified in social practice, we used open coding to create summative categories of use from numerous reoccurring tag connections and suggest the themes users interact with as part of their 3D printing practices (see Table 2 ). 
Rights & Responsibilities: Legal Frameworks & Beyond
This section locates the concerns we encountered from consumers and experts in reference to current IPR to express some common points of guidance to emerging wicked problems connected to 3D printing practices. Our findings are provided here mostly in summary and in a non-proscriptive framing, as the mosaic of law, business terms, geographical and jurisdictional issues that users interface with in their 3D printing practices are diverse and sometimes contradictory. Any guidelines must consider that comprehensive knowledge is untenable in this evolving field that must grapple with what decentralisation of responsibility and the individualisation of risk looks like for persons involved with 3D printing practices.
While our research relied on the necessary legal scholarship and case law to a certain extent (Daly, 2016; Engstrom, 2013; Holland, 2009; Lemley, 2015; Scardamaglia, 2015; Weinberg, 2016; Weinberg & Knowledge, 2010) , these approaches are not sufficient to convey an accurate account of user experience online. Internet intermediaries, with their own policies that deflect responsibility on to use (Mendis & Secchi, 2015; Seng, 2014) , consumer protection agencies that are coming to terms with shifting realities, and the evolving cultures and technologies of sharing objects online (Bogers, Hadar, & Bilberg, 2016; Moilanen, Daly, Lobato, & Allen, 2015; Moilanen & Vadén, 2013; Schrock, 2014; Söderberg, 2014) , together create a complex and often contradictory reality that tests and sometime ignores codified policy and protection.
Weighing these factors, we found that across jurisdictions and services online, risk is often directed towards individual users of 3D printed goods. That is to say, the protections consumers might be used to through state protection regimes are less certain to apply, or be easily accessible as the complexity of ownership, jurisdiction, publisher, and enforceability of printing, even when the practices being outlined in briefs widely found online, in some instances, manifest non-infringing uses.
As an important final consideration in terms of liability, most consumer protection laws are built around financial transactions or the business operations of the party to be held liable, which have the additional role of providing a chain of transitions of ownership. In contrast, it becomes quite onerous to sue for damages if a 3D printed object is defective due to a design that was shared freely rather than paid for. The terms and conditions of websites often make users wave rights concerning safety and liability, even if this touches on concerns of negligence from the designers of 3D printed objects. The extent that online intermediaries can evoke safe harbour for 3D printed goods here is untested.
In this short space, we analysed expert opinion towards relevant issues for 3D printing practices as they are playing out in law and practice. The above commentary is meant to reflect the weakest link for rights and responsibilities that users encounter online, and provide a starting point to understand the decentralisation of power and responsibility in 3D
printing. What future practice looks like is dependent on a mosaic of intersecting claims of regulation, technology, jurisprudence, and changing social norms and cultural practices.
Conclusion
How 3D printing will reconfigure socio-political power and the capacity of regulation in terms of social communications practices that enable decentralised manufacturing is still complex and contradictory. If the general idea of promoting the progression of science and useful arts through granting exclusionary rights for a finite time to authors/inventors is to be upheld in a digitally networked age of mass self-manufacture, the tenets of its execution must adapt.
Balancing adaptations across industry, government and consumer concerns will require recognising the necessary precedents and pervasive expansion of IPR in digital communications. However, this frame is not sufficient to capture emerging 3D printing practices for the digital economies of the present and future. Evolving cultural practices, functioning business models and greater penetration of technologies will also play a role in determining pathways forward. One pathway suggests incumbent rights holders will hope to target nodes that spread their IP or enable its infringement, rather than the users who consume and reconfigure it (Holland, 2009) . Focussing on such contributory infringement, or 'secondary infringements' will draw in many new stakeholders to the debate, and expose
